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Chirality is an intriguing property of certain molecules, materials or artificial nanostruc-
tures, which allows them to interact with the spin angular momentum of the impinging light
field. Due to their chiral geometry, they can distinguish between left- and right-hand circu-
lar polarization states or convert them into each other. Here, we introduce a novel approach
towards optical chirality, which is observed in individual two-dimensional and geometrically
mirror-symmetric nanostructures. In this scheme, the chiral optical response is induced by
the chosen heterogeneous material composition of a particle assembly and the correspond-
ing resonance behavior of the constituents it is built from, which breaks the symmetry of
the system. As a proof of principle, we investigate such a structure composed of individual
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silicon and gold nanoparticles both experimentally as well as numerically. Our proposed
concept constitutes a novel approach for designing two-dimensional chiral media tailored at
the nanoscale.
Optical chirality is a well-known phenomenon that has been intensely studied in the past and
still attracts tremendous attention, especially in the field of modern optics. Optically chiral media
possess a sense of handedness that allows them to interact differently with left- and right-handed
circularly polarized light, and gives rise to important optical phenomena such as polarization ro-
tation and circular dichroism (CD). Natural chiral media are composed of chiral molecules. The
chiral optical response of many chiral molecules is understood as a direct consequence of their
three-dimensional chiral geometry, which does not allow for a superposition of the molecule’s chi-
ral structure with its mirror-image. Nowadays, modern micro- and nano-fabrication techniques
allow for the creation of elaborately and artistically shaped structures, such as three-dimensional
helical antennas1–7. Such structures exhibit a strong chiral response, especially when arranged
into dense lattices. In particular, microscopic or nanoscopic helices are a prototypical example of
artificial chiral structures, following one of mother nature’s design recipes for chiral molecules.
Their chiral optical response can be tuned or artificially created by controlling their size, the num-
ber of pitches or twists around the central axis and other geometric parameters. In contrast to
their molecular archetypes, which are orders of magnitudes smaller than the wavelength of light,
artificial chiral structures are comparable in size with the wavelength. As a consequence, the in-
stantaneous electric field points into different transverse directions at different cross-sections along
the helical object. Hence, such artificial structures may exhibit a richer resonance behavior, which
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manifests itself in a large number of supported resonant (higher-order) modes and a stronger chi-
ral response. Reviews on optical chirality and optically chiral nanostructures have been presented
recently8, 9. Furthermore, this introduction wouldn’t be complete without mentioning important
theoretical contributions describing optical chirality in general, and the interaction of light’s spin
angular momentum with matter in particular10–13.
It also has been shown that a similar chiral optical behavior can result from a three-dimensional
(3D) chiral or layered arrangement of achiral nanoparticles, such as nanospheres, split-ring res-
onators or similar3, 8, 14–21. To showcase a comprehensible example here, one might think about
an ensemble of nanospheres following a helical trace in 3D-space3, 8, 17–20. The resulting particle
ensembles exhibit an intrinsically chiral geometry when effectively considered as a single object.
Truly planar or two-dimensional structures can also show a chiral optical response. Similar to
the aforementioned 3D-chiral approaches, planar structures obtain their chiral optical properties
by their lack of in-plane mirror-symmetry. Prominent examples are S− and L−shaped antennas
or gammadion-type nanostructures22–31. Many such examples have been discussed in literature.
Nonetheless, the full capabilities and underlying processes of chiral light-matter interaction, espe-
cially for planar chiral nanostructures, haven’t yet been fully explored.
To obtain a chiral optical response from a two-dimensional nanostructure, also an alternative route
has been proposed, which is based on so-called extrinsic or pseudo-chirality26, 32–35. In contrast to
the intrinsically geometrically chiral structures discussed so far, the concept of extrinsic chirality
allows for a chiral optical response of symmetric and achiral nanostructures. In this scheme, an ar-
3
ray of achiral nanostructures, such as split-ring resonators, is illuminated under oblique incidence.
In this situation, the structures are not super-imposable with their mirror-images anymore with re-
spect to a rotation restricted to a plane perpendicular to the propagation direction of the impinging
light, rendering them chiral.
It is worth noting here that the majority of the above-mentioned systems were comprised of lattices
(metasurfaces) of individual nanostructures or were investigated in an inhomogeneous environment
(on substrates). Both settings are known for being capable of enhancing the chiral optical effect.
For instance, the presence of a substrate breaks the symmetry of the system along the surface nor-
mal, hence enhancing the chiral effect by making the lower and upper surface of a two-dimensional
structure distinguishable.
Yet another approach towards optical chirality, which is of particular importance for this Letter, is
the use of heterogeneous material compositions, similar to chiral molecules, which are built from
different atoms. Corresponding examples reported in literature to date can be sub-categorized
into two different geometries. First, those approaches based on structures exhibiting a three-
dimensional heterogeneous material composition, which gain their chiral optical response domi-
nantly from their three-dimensional chiral geometry rather than by their heterogeneity alone21, 36, 37.
And second, a theoretical approach based on quasi-2D nanostructures exhibiting an inhomoge-
neous and asymmetric material composition, while also lacking symmetry with respect to their
shape and geometry31. Both categories have been studied for arrays forming lattices or metasur-
faces of the corresponding structures only.
In this Letter, we propose a truly planar nanostructure, which is geometrically achiral (mirror-
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symmetric) but exhibits a significant chiral optical response, i.e. circular dichroism, due to its
heterogeneous composition. This response is observed for an individual nanostructure (as op-
posed to the arrangement in an array or a metasurface), which is embedded homogeneously into
a dielectric medium and illuminated under normal incidence. This is in striking contrast to other
two-dimensional chiral structures discussed in literature so far. In the presented case, the struc-
tural symmetry is broken, and a handedness or chiral response is induced, by the heterogeneous
material composition of the assembly (see Fig. 1). With respect to its geometry, the nanostructure,
assembled from three equally sized achiral nanodisks, is super-imposable with its mirror-image
by a simple rotation in two-dimensional space (see Fig. 1a). In contrast, the trimer is not super-
imposable with its mirror image anymore if the heterogeneous material composition is taken into
account (see Figs. 1b and 1c). As we will show later on, it is therefore intrinsically chiral.
Results
Numerical Results for trimers built from nanodisks For our numerical study we have chosen
nanodisks made from gold (Au) and silicon (Si). The spectra of individual Si nanodisks exhibit
multiple resonances depending on the particle size, with the magnetic dipole representing the fun-
damental particle resonance. It becomes apparent that this behavior is caused by the dielectric
properties and the high refractive index of Si nanoparticles in the visible and near-IR spectral
range that has been studied extensively in the recent years38–42. The nanodisks have a diameter
of 180 nm and a height of 30 nm embedded into a homogeneous environment with a refractive
index of nair = 1 (see Figs. 1b and 1c). For excitation, we illuminate the trimer with a weakly
5
Figure 1: Illustration of the investigated heterogeneously composed nanodisk trimer. (a)
Sketch of a three-particle system (trimer) consisting of nanodisks of the same size and material
all placed in the same plane. (b) If one of the particles at the end of the trimer is replaced by
an equally sized disk made from a different material, the trimer still exhibits geometrical mirror-
symmetry (gray dashed line indicates its geometric symmetry axis), but with respect to the material
composition, its symmetry is broken. The trimeric nanostructure consists of three nanodisks, two
made of silicon (blue) and one made of gold (yellow). (c) In the simulations, the trimer is il-
luminated with circularly polarized light (Gaussian beam), which impinges normally (along the
negative z-direction) to the plane defined by the three disks (xy-plane). The thickness (height) and
diameter of the disks were chosen to be 30 nm and 180 nm, respectively.
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focused Gaussian light beam (numerical aperture of NA = 0.4) propagating along the negative z-
direction. This choice is also motivated by the fact that for this low NA, the structures are excited
by a dominantly transverse electric field (plane-wave-like). The generation of longitudinal electric
field components (which carry a phase vortex) upon tight focusing and their additional interaction
with the trimer under study is therefore minimized43. It should be emphasized here again that we
aim for studying individual trimeric structures only because we are interested in their intrinsic chi-
ral optical response rather than collective effects caused by an arrangement of such structures in
two-dimensional arrays or metasurfaces.
First, we present the spectra of individual trimers embedded in air for right- and left-handed
circularly polarized (lhcp, rhcp) excitation under normal incidence to underline the statement made
above that individual trimers with a material-composition-induced break of symmetry exhibit chi-
ral properties (see transmittance in Fig. 2a and reflectance in Fig. 2b). The CD spectrum of the
structure can be calculated as CD = Alhcp−Arhcp where A = 1−T −R is the absorbance, and T
and R are the transmittance and reflectance, respectively. The CD spectrum exhibits a maximum
at a wavelength of 520 nm and is positive throughout the investigated spectrum, indicating a fixed
optical handedness of the structure in this range (see Fig. 2c). By changing the order of the nan-
odisks in the trimer (exchanging the first Si disk (1) with the Au disk), the handedness of the trimer
is inverted and the CD spectrum changes its sign (see also Supplementary Fig. 1).
To understand the origin of this CD spectrum, we study the response of individual nanodisks. The
resonance spectra of Au nanodisks for linearly polarized excitation (Figs. 2d and 2e; dotted cyan-
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colored curve) are dominated by the electric dipole mode (vertical dotted line). On the other hand,
the Si nanodisk exhibits no resonant features in the spectral range studied here (see also Figs. 2d
and 2e; dotted-dashed red curve) when excited with linearly polarized light from the top. It can
be shown that this is a simple consequence of the chosen height of the disk41. In contrast, the
situation is considerably different for an excitation of the disk with light being linearly polarized
and propagating in the xy-plane. This scenario mimics the case of light scattering in the plane of
the nanodisks and exciting neighboring particles in the trimer scheme. The corresponding spectra
(see again Figs. 2d and 2e; dashed magenta-colored curve) show a clear resonance at a wavelength
of 520 nm (vertical dashed line). A detailed study of the electric and magnetic fields in the disk
forming the resonant mode reveals that it can be associated with the fundamental magnetic dipole
resonance formed by a curl of the electric field inside the xy-plane inside disk. This resonant mode
cannot be excited directly by a linearly or circularly polarized light beam impinging along the z-
axis, but it may be induced by the mutual interaction between neighboring particles in the trimer.
For the sake of completeness, we also include the resonance spectra of the heterogeneously
composed trimer for x- (Ex,inc) and y-polarized (Ey,inc) excitation in Figs. 2d and 2e. The spectra
for both excitations schemes differ drastically from each other, also indicating the material-induced
asymmetry of the studied system.
In the trimeric arrangement, the transverse dipole moments of the individual disks can be excited
(non-resonantly) both directly by the impinging circularly polarized light field and by light scat-
tered off neighboring particles. This leads to hybridization of the modes44, 45. It is this hybridization
8
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Figure 2: Numerical results for different nanodisks system. Numerically calculated (a) trans-
mittance and (b) reflectance spectra for an individual nanodisk trimer for left-handed circularly
polarized (lhcp, dashed red line) and right-handed circularly polarized (rhcp; solid green line) light
excitation. (c) Resulting circular dichroism curve. (d) Transmittance and (e) reflectance spectra
for a trimer (solid blue and brown curves) and individual nanodisks (dotted and dashed curves) for
linearly polarized excitation. The corresponding excitation schemes are indicated above (d). The
vertical dotted cyan-colored line indicates the spectral position of the electric dipole resonance of
an individual Au nanodisk, whereas the vertical dashed magenta-colored line marks the position of
the magnetic dipole resonance of an individual Si nanodisk for the indicated excitation schemes.
(f) Distributions of the instantaneous in-plane electric field (Et = (Ex, Ey); white arrows) and the
modulus of the longitudinal magnetic field component (|Hz|; color-coded) for a wavelength of 520
nm plotted in a plane parallel to the xy-plane cutting through the centers of the disks.
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of the disk modes for the excitation with x- and y-polarized light that leads to different resonance
spectra (see Figs. 2d and 2e), due to the chosen material-induced break of symmetry. In addition,
the relative phase between the transverse electric field components Ex,inc and Ey,inc for circularly
polarized excitation (±pi/2) defines the phase between the induced transversely oriented dipole
moments. The key to understanding the emerging optical chirality of the nanostructure at hand
is the interaction between the modes excited directly by the incoming light field with the same
modes excited via particle scattering or hybridization. Furthermore, also the interference between
additional particle modes contributes, induced, for instance, in the Si disks solely by scattering of
neighboring particles for normal excitation. This phenomenon can be seen in Fig. 2f, where the
field distributions in a cut-plane through the trimeric disk assembly are plotted for both handedness
of the excitation field and at a fixed wavelength of 520 nm, for which the CD spectra peaked. The
plotted fields exhibit different spatial distributions indicating that for both cases different particle
modes contribute to the scattering process. Both, the plotted distributions of the instantaneous
electric field (white arrows; transverse components shown only) and the modulus of the longitu-
dinal magnetic field component (|Hz|) indicate that for left-handed circularly polarized excitation
(Fig. 2f, left), a longitudinal magnetic dipole component is observable dominating the mode in the
central Si particle (2). Consequently, the coupling of the particles with each other induces an ad-
ditional dipole contribution. In the other Si disk (1), the mode is more complex. For right-handed
circularly polarized light (Fig. 2f, right), the situation is different. The mode structure in the central
Si disk is also more complex and does not exhibit a clear fingerprint of a longitudinal magnetic
dipole moment anymore.
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Figure 3: Near-field maps for different excitation schemes. Time-evolution of the longitudinal
magnetic field component Re(Hz) plotted in a plane parallel to the xy-plane cutting through the
centers of all particles for two different excitation schemes and a fixed wavelength of 520 nm. (a)
Excitation with an x-polarized Gaussian light beam. (b) Excitation with a y-polarized Gaussian
light beam. Each field map is normalized to its individual minima and maxima resulting in different
color-scales for different maps. The geometrical outlines of the three nanosdisks (top: Au; bottom:
Si) are indicated by black circles. For right-handed (left-handed) circularly polarized excitation
the frames indicated in blue in (a) and green (red) in b overlap temporally.
Not less important for this discussion is the fact that even though also the same particle modes
(transverse dipoles) might be involved in the optical response of the trimer for both handednesses
of excitation, they will differ in their multipole amplitudes due to the presence of the Au disk and,
hence, contribute with different strengths. Ultimately, those modes excited by scattering can be
different for the x- and y-field components of the impinging circularly polarized light beam (see
Fig. 3), due to the symmetry and geometry of the trimer. This causes an additional phase delay
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between the directly excited and scattering-induced particle modes. They can, therefore, inter-
fere with each other coherently, resulting in a suppression or enhancement of such particle modes,
which ultimately depends on the relative phase between of the components of the excitation field
or, equivalently, on the handedness of the excitation.
The aforementioned arguments become more apparent when looking at the induced field patterns
for x- and y-polarized excitation as shown exemplarily in Fig. 3 again for a wavelength of 520 nm.
This field-based analysis also enables a more quantitative discussion of the material-composition-
induced chirality proposed here. In Fig. 3a, the time evolution of the instantaneous longitudinal
magnetic field component (Hz) is plotted in steps of pi/2 for an excitation with a x-polarized Gaus-
sian beam. For comparison, the corresponding numerical results for the same trimer excited with
y-polarized light are shown in Fig. 3b. For x-polarized excitation, the field distributions inside the
Si nanodisks resemble a two-lobe pattern, which is a characteristic fingerprint of the field created
by an electric dipole mode oscillating along the x-axis. The actual electric dipole resonances of the
individual Si nanodisks are found outside the investigated spectral range. Hence, the excited mode
is driven off-resonance. The distributions are altered by the near-field interaction of both particles,
indicating mode hybridization. As time evolves, the magnetic field oscillates, preserving the initial
distributions of the field structure throughout a full period, which are similar and in-phase for both
Si disks. For symmetry reasons, the scattering and near-fields of the Si particle at the lower left
position (1) of the trimer cannot efficiently excite a resonant longitudinal magnetic dipole moment
(along the z-axis) in the second Si particle or vice versa, because its field is dominantly polarized
along the Si-Si-dimer axis. In this context, the contribution of the scattering off the Au particle to
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the field structure is minor, because it is driven far off-resonance.
In contrast to the excitation with x-polarization (Einc = (Ex,inc, 0, 0)), the field patterns in both
Si disks differ strongly when excited with y-polarized light (Einc = (0, Ey,inc, 0)) (see Fig. 3b).
For this case, the field distribution inside the central Si particle (2) exhibits only one strong and
dominant lobe, which oscillates in time parallel to the z-axis. The corresponding electric field
shows a curl-like distribution. This field pattern corresponds to that of a longitudinally oscillating
magnetic dipole moment, which, for an individual disk, is resonantly excited at the chosen wave-
length (see Figs. 2d and 2e). It is induced by the vertically (y) oscillating transverse electric dipole
mode in the neighboring Si disk (1), excited directly by the incoming light field (see, for instance,
second image in Fig 3b). The same holds true for the vertically oriented electric dipole moment
excited in the central Si particle (2), inducing a magnetic dipole moment in the left-hand Si disk
(1). Nonetheless, the time evolution of the fields within both disks is not the same, which is a
consequence of the presence of the Au particle and, thus, a result of the material-induced break of
symmetry. It should be mentioned here, that beside the coupling of the longitudinal magnetic to
the transverse electric dipole moments of the Si disks, also the electric dipole moments of both Si
nanodisks themselves are coupled to each other44.
After this analysis it becomes clear, why the field distributions for right- and left-handed circu-
larly polarized excitation as shown in Fig. 2f differ from each other drastically and why they
are not symmetric, as they would be for a simple Si dimer. For right-handed and left-handed
circularly polarized light, the incoming beam can be written as Einc = (Ex,inc, iEy,inc, 0) and
Einc = (Ex,inc,−iEy,inc, 0), respectively. As a consequence of the excitation with circularly po-
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larized light, the two temporal field evolutions shown in Figs. 3a and 3b have to be shifted relative
to each other due to an additional relative phase-delay between the corresponding field distribu-
tions of ∓pi/2. As a result, the frames indicated in blue in Fig. 3a and green in Fig. 3b overlap
temporally for right-handed circularly polarized excitation, whereas the blue frame overlaps with
the red frame for left-hand circular polarization. The corresponding field distributions in Figs. 3a
and 3b therefore interfere with each other forming the patterns shown in 2f. The observed asym-
metries between the near-fields of the individual heterogeneous trimer are consequently a result of
constructive and destructive interference of the symmetric and asymmetric field patterns in Figs.
3a and 3b. Ultimately, this interference results in different resonance spectra for excitation with
different handedness of the incoming light.
Experimental results for trimers built from nanospheres For the experimental demonstration
of the proposed scheme, we choose a nanotrimer assembled from individual nanospheres (see
Fig. 4a) rather than nanodisks as studied numerically above. We use a pick-and-place-based
approach for the assembly of spherical nanoparticles, realized by operating an atomic force mi-
croscope (AFM) inside the vacuum-chamber of a scanning electron microscope (SEM)46, 47 (see
also Methods section). Because we are interested in the optical measurement of a single trimer
only, the pick-and-place-based fabrication is straight-forward and time-efficient. A fabrication of
trimers consisting of nanodisks rather than nanospheres would require multiple complex and time-
consuming coating and lithography steps, which is very inconvenient for the investigation of the
proposed scheme and the proof of its principle. The scheme involving nanodisks as discussed
above enabled a more fundamental discussion and intuitive understanding of the effects causing
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a chiral behavior of heterogeneous geometrically symmetric trimers. Nonetheless, the underlying
physics are similar for both systems (disks and spheres).
To be able to study an individual nanotrimer experimentally, we utilize a custom-built optical
setup48. A sketch of the system is shown in Fig. 4b (see Methods section for details). For the mea-
surements, the wavelength is selected with the spectral filter, the nanotrimer is placed in the focal
plane and it is scanned line-by-line through the focal spot several times. From such measurements,
the transmitted and reflected power values for the particle sitting effectively on the optical axis
in the focal plane are retrieved and averaged. The corresponding data is normalized to the power
transmitted through and reflected from the air-substrate interface, respectively. Following this pro-
cedure, the measurements are repeated for different wavelengths and for both handednesses of the
circularly polarized input beam, resulting in the corresponding normalized resonance spectra in the
spectral range from 480 to 750 nm as shown in Figs. 5a and 5b. The figure also includes the simula-
tion results for the investigated scheme (see Figs. 5d and 5e), taking into account the experimental
conditions, such as the experimental arrangement of the individual particles, their approximate
sizes (outer diameter of 180 nm), the BK7 substrate and the beam configuration. Furthermore, we
also incorporate a thin SiO2 surface layer around the Si nanospheres naturally occurring due to
oxidation. The layer thickness is estimated to be approximately 8 nm42. The actual diameter of the
Si core is therefore reduced correspondingly. In the experiment, a thin layer of AZO between the
substrate and the trimer was used to suppress charging effects during the pick-and-place fabrica-
tion. This layer is not taken into account in the simulations. The experimental data is normalized
to the transmission through and reflection at the AZO-on-glass substrate, whereas the numerical
15
Figure 4: Investigated nanostructure and experimental setup. (a) Top: SEM micrograph of
the investigated trimer assembled from one Au (white; diameter ≈ 175 nm) and two Si (dark
gray; diameters ≈ 180 nm) nanospheres on a borosilicate glass (BK7) substrate. Bottom: Sketch
of the trimer and chosen coordinate frame. It should be noted here that the investigated trimer
exhibits a mirrored geometry with respect to the nanodisk trimer discussed before. (b) Simplified
sketch of the experimental setup utilized for the measurement of individual nanosphere trimers.
A circularly polarized fundamental Gaussian light beam enters a microscope objective (MO) with
a high numerical (NA) of 0.9. The entrance aperture of the MO is not filled, hence reducing the
effective NA to approximately 0.4. The focused light beam has a diameter of approximately 0.8
µm (FWHM) at a wavelength of 625 nm. The sample composed of a substrate with individual
nanotrimers assembled on top is mounted on a 3D-piezo-stage, enabling precise positioning of the
structure relative to the beam. A second immersion-type MO with an NA of 1.3 is located below
the sample to collect the light in the forward direction, which is detected with a photo-diode. Light
reflected or scattered backwards is collected by the upper MO and guided to a second photo-diode
by a set of non-polarizing beamsplitters.
16
data was retrieved and normalized for a glass substrate only.
From both sets of data, we calculate the spectral distributions of the resulting CD spectrum,
displayed in Figs. 5c and 5f for the experimental and numerical results, respectively. The exper-
imental reflectance and transmittance curves in Figs. 5a and 5b bear striking similarities with the
spectra retrieved from numerical calculations (see Figs. 5d and 5e). The slight red-shift of the
experimental data with respect to the numerical results and also the different absolute values for
transmittance and reflectance data sets are caused by the presence of the aforementioned AZO-
layer on the experimental sample. Nonetheless, both datasets underline the chiral behavior of the
geometrically mirror-symmetric particle ensemble (trimer). Apparently, these spectra are more
rich in comparison to those of trimers composed of nanodisks discussed above. This is caused
by the fact that for nanospheres of the chosen size made from high refractive index dielectrics
such as Si in the visible or near-infrared spectral range, magnetic and electric dipole resonances
appear at wavelengths in the investigated spectral range. Therefore, the incoming light field can
now also resonantly excite a magnetic dipole – a transversely oscillating magnetic dipole moment
perpendicular to the z-axis – in the investigated spectral range, which contributes to the resonance
behavior of the trimer. Furthermore, the utilized substrate as a support for the particles or, in other
words, the air-dielectric interface also influences the retrieved spectra. As discussed before, the
substrate additionally breaks the forward-backward symmetry of the system, further influencing
its chiral response. Nonetheless, the trimer assembled from nanospheres as investigated here of
course also shows a chiral response if embedded in a homogeneous environment. It is also worth
noting that the corresponding CD spectra for the investigated trimer made from nanospheres show
17
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Figure 5: Comparison of experimental and numerical results for a heterogeneous nanosphere
trimer. (a) - (c) Experimental and (d) - (e) numerical results for an individual trimer assembled
from Au and Si nanospheres on a glass substrate (see Fig. 4). Transmittance and reflectance as
well as the CD spectra are shown. In the experiment, a thin layer of AZO was present on top of
the glass substrate to prevent charging effects during fabrication.
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a change of sign in certain spectral regions. Hence, the actual optical handedness of the trimer
also changes and, therefore, depends on the wavelength. For comparison, we also assembled and
measured a nanotrimer with opposite handedness resulting in an inversion of the CD spectra (see
Supplementary Fig. 1).
The observed CD spectra can be further modified easily by assembling trimers from smaller or
larger nanopheres, by changing the size of the central particle relative to the other particles, still
keeping the trimer geometrically symmetric, or by using nanospheres made from materials differ-
ent than Au and Si. These approaches allow for tuning the particle spectra relative to each other.
For instance for larger particles, also higher order resonances contribute to the scattering and the
inter-particle coupling, enhancing the performance of the chiral particle ensemble. It is also con-
ceivable, that the trimer may be composed of equally sized particles of three different materials or
from more than just three particles. These design criteria allow for a broad range of structural ar-
rangements, further tuning and boosting the material-composition-induced chiral effect discussed
above.
In conclusion, we have introduced and studied – as a proof-of-principle – a novel approach
for the realization of optically chiral nanostructures. The proposed scheme is based on a geo-
metrically achiral nanoparticle (sphere, disks or similar) assembly, which nonetheless exhibits a
chiral optical response due to its heterogeneous composition. The chiral behavior of the trimer is
caused by the mutual interaction of neighboring particles when excited under normal incidence. To
demonstrate this phenomenon also experimentally, we have fabricated heterogeneous trimers from
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individual Au and Si nanospheres on a substrate, using a highly precise pick-and-place technique
realized by operating an AFM inside the vacuum chamber of an SEM. Such heterogeneously-
composed particle ensembles allow for a high tunability with respect to their spectra and chiral
optical response. With the possibility of tailoring the multipolar response of the individual con-
stituents, the response of the chiral assemblies can be tuned in a straight-forward fashion over
a broad spectral range. Furthermore, we believe that based on this novel material composition-
enabled approach to chirality of nanostructures introduced and discussed in this Letter, also large-
scale chiral materials and metasurfaces can be designed to allow for the realization of ultra-thin chi-
ral filters and polarizers. Potential approaches for fabricating large arrays of individual heteroge-
neous nanoparticle assemblies could be based on the methods recently described in literature21, 49.
It is worth noting that based on the arguments discussed above, some of the trimeric particle ar-
rangements presented in the corresponding reference 49 should also show a chiral optical behavior.
Methods
Sample fabrication For the fabrication of individual heterogeneously composed trimers we apply
a pick-and-place-based manipulation approach. This method is based on operating an atomic force
microscope (AFM) inside the vacuum-chamber of a scanning electron microscope (SEM)46, 47. In
this custom-built system, the AFM tip is modified to permit precise handling of nanoparticles. This
approach allows for choosing particles with the desired size, shape and material from a particle
reservoir and enables precise positioning of the individual particles relative to each other on a
substrate. To prevent charging of the substrate resulting from the imaging process of the sample
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with the electron beam while manipulating the nanoparticles, a thin AZO-layer is deposited on the
borosilicate glass (BK7) substrate first.
Experimental setup and measurement scheme The custom-built optical setup (see Fig. 4b) con-
sists of a spectral filter (acousto-optical spectral filter; spectral bandwidth: 1 nm) placed behind the
output of a broadband fiber-based light source. It selects the central wavelength of the transmitted
Gaussian light beam. The light beam is transmitted through a quarter-wave plate. The resulting
circularly polarized beam is guided top-down into a microscope objective with a high numerical
aperture (NA) and focused onto the sample. The size of the input beam is chosen such that the
input beam does not fill the entrance aperture of the microscope objective. This way, an effectively
smaller focusing NA (0.4) is achieved and the influence of longitudinal electric field components
created upon strong focusing is reduced43. The sample is composed of a borosilicate glass (BK7)
substrate with a thickness of approximately 170 µm and a thin AZO-layer on top. On the surface
of the substrate, individual trimeric structures are assembled using the above-mentioned pick-and-
place handling technique. Fig. 4a shows an SEM micrograph of the assembly investigated here.
The sample is mounted on a piezo-stage, which allows for precisely positioning it relative to the
excitation beam. Light transmitted through the substrate or scattered in the forward direction by
the trimer is collected by a second microscope objective. This oil-immersion objective with an
NA of 1.3 collimates the collected light. The resulting beam is guided to a photodetector. Light
reflected from the air-substrate interface or back-scattered light is collected within a large solid an-
gle by the upper objective, originally used for focusing the incoming light beam. A non-polarizing
beamsplitter inserted in front of this focusing objective allows for separating the incoming and a
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part of the reflected light beam and guides the latter to a detector. For guaranteeing a high qual-
ity of the input and the reflected light beams with respect to their polarization, we utilize a set of
beam-splitters, all non-polarizing in type, for preserving the polarization state50, 51.
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SUPPLEMENTARY INFORMATION
Additional Experimental Results
To further prove the proposed concept of heterometerial selection for the creation of optically
chiral nanostructures, we performed additional experiments on a trimer with mirrored geometry.
This trimer exhibits opposite handedness in comparison to the one discussed in the main text. The
experiments were performed as described in the Methods section (see also Ref. 48 for more details
about the setup). In Fig. 6, the corresponding datasets are plotted (d - f) in comparison to the data
for the trimer already discussed in the main text (a - c).
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Figure 6: Comparison of the optical response of two heterogeneous nanosphere trimers with
opposite handedness. (a)-(c) Experimental transmittance, reflectance and CD spectra for the
trimer discussed in the main text. (d)-(f) Equivalent spectra for a trimer with opposite handed-
ness. Deviations between corresponding spectra are a result of the slightly different particle sizes
and arrangements.
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